I. INTRODUCTION
The flow over spheres has garnered widespread attention throughout the past centuries, dating back to the first dragforce formulation and measurements by Newton. 1 Since then, a large corpus of literature have explored the forces exerted on spheres under steady conditions (see, for instance, the works of Taneda, 2 Maxworthy, 3 and Achenbach 4, 5 ). These seminal works have co-opted the use of flow visualizations and force measurements to demonstrate the Reynolds-numberdependent flow separation behaviour of spheres. The effect of unsteady motions on the point of flow separation relative to the steady case, which ultimately determines the instantaneous drag forces, is however not well understood. The current study aims to experimentally characterize the role of accelerationsboth from rest and from non-zero initial velocities-on wake development and the evolution of the separation point.
In contrast to flow separation that occurs under steady conditions, the majority of existing studies on unsteady separation behaviour are limited to subcritical Reynolds numbers. Boltze 6 employed a boundary-layer type analysis to predict separation behind an impulsively started sphere. Using successive approximations of the velocity field via a power series in time for the velocity components, it was predicted that flow separation would commence at the rear stagnation point once the sphere traveled a distance of 0.196d. A similar analytical scheme conducted later suggested that a sphere subjected to a constant acceleration will exhibit flow separation at 0.32d. 7 In an experimental study of accelerating spheres, Roos and Willmarth 8 approximated the separation distance from start-up to be 1d, based on qualitative hydrogen-bubble visualizations of the separated region behind the sphere. This study was a) Electronic mail: john.fernando@queensu.ca conducted at Reynolds numbers only in the subcritical regime and over a relatively narrow range of physical accelerations. Odar and Hamilton 9 endeavoured to model the additional forces that arise during accelerations using a three-part force decomposition. The proposed model, which consisted of viscous-drag, added-mass, and "time-history" terms, was tested experimentally with a sphere undergoing simple harmonic motion. The time-history term was a modified form of the Basset integral-first derived by Basset 10 for Stokes flow around a sphere-via the introduction of an empirical coefficient. Although the model predicted the total forces well, a number of subsequent studies have shown that the equation is configuration-specific and cannot comprehensively predict the forces exerted on spheres during unsteady motions. 11, 12 In particular, the model has been shown to break down depending on the frequency of vortex formation and shedding in the wake. 12 Vortex formation in the wake of spheres during accelerations is a primary focus of this study and is discussed subsequently.
The existence of optimal vortex formation processes was first proposed by Gharib, Rambod, and Shariff 14 in their investigations of vortex rings produced by piston-cylinder arrangements and has been studied extensively since then. Motivated by the results of Gharib, Rambod, and Shariff, 14 Dabiri and Gharib 13 investigated vortex formation via a piston-cylinder with a temporally varying exit diameter, shown schematically in Figure 1(a) . It was concluded that increasing the nozzle exit diameter results in higher-energy vortex-ring structures. The concept of optimal vortex formation has also recently been extended to flat plates undergoing accelerations. 15, 16 Fernando and Rival 17 investigated vortex-ring evolution in the wake of an accelerating circular flat plate, shown in Figure 1(b) , as a function of the Reynolds number. Although the separation line is fixed, Reynolds-number sensitivity was observed during latestage vortex-ring growth due to the development of azimuthal instabilities in the flow. For a sphere, assuming that the flow (a) Nozzles with temporally increasing exit diameters have been shown to produce higher-energy vortex rings. 13 (b) For a circular plate, the separation line is fixed and Reynolds-number independent. (c) The separation line in the wake of the sphere is time-varying during unsteady motion-analogous to the variable-exit nozzle-which will influence the nature of vortex formation and growth.
initially separates at the rear stagnation point during accelerations from rest, 6 it is reasonable to assume that the separation line will gradually move towards the steady-state position, as depicted in Figure 1 (c). Although this development of the feeding shear layer is analogous to that produced at the temporally varying nozzle exit, 13 the resulting vortex dynamics may be significantly disparate due to the introduction of vortex-body interactions.
In the current study, we endeavour to understand how acceleration affects the development of sphere wakes. To this end, a range of Reynolds numbers encompassing both subcritical and supercritical flow regimes has been investigated. This manuscript is divided into two parts. The first involves a characterization of the instantaneous drag forces of the sphere and vortex evolution in the wake during accelerations from rest. The second aims to characterize the movement of the separation line during accelerations from non-zero initial velocities, once the wake is fully developed. The presentation of the manuscript is organized as follows. In Section II the pressuregradient field around a sphere is derived from potential theory in both a steady sense and an unsteady sense to provide preliminary insight into the wake development during accelerations from rest. In Section III the geometric characteristics of the sphere are provided, and in Section IV the instantaneous drag-force data and velocimetry measurements are presented. Finally, the main conclusions of the study are summarized in Section V.
II. POTENTIAL FLOW PRESSURE-GRADIENT FIELD
D'Alembert's paradox illustrates the limitations involved in using potential theory to predict the drag forces exerted on symmetric bodies such as spheres. However, the departure of the actual flow field around a sphere relative to the potential solution has classically been linked to the pressuregradient field, based on the known role of adverse pressure gradients in flow separation. As such, we first show the solution for the pressure-gradient field around a sphere undergoing steady motion and compare the results to the unsteady solution derived here for a sphere undergoing constant accelerations. The relevant nomenclature used in the derivations is shown in Figure 2 .
A. Steady analysis
The tangential velocity potential along the surface of a sphere translating at a steady velocity, U ∞ , is given by
The pressure gradient at the surface of the sphere can be determined by substituting the tangential velocity into the "s"-component of the steady Euler equation
yielding the following expression:
which can then be simplified to
If the substitutions s * = s/s and p * = p/p are then made, where * refers to respective dimensionless quantities and˜refers to characteristic values (i.e.,s = R), Equation (4) can be written as follows:
and multiplying throughout by 4R/9U 2 ∞ yields
If one lets (4R/9U 2 ∞ )(p/ρR) = 1 as a mathematical convenience, since the amplitude of the pressure gradient will eventually be normalized by the maximum value, it follows thatp = 9U 2 ∞ ρ/4, and the pressure gradient may finally be written as   FIG. 2 . The nomenclature used for a sphere: θ is the azimuthal position from the front stagnation point, s is the arc length along the sphere surface, R is the radius of the sphere, and U ∞ is the steady translational velocity of the sphere.
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where (∂p/∂s) * represents the expression for the pressuregradient field along the surface of the sphere in the dimensionless form. The dimensionless pressure gradient is plotted against the azimuthal position (from the front to rear stagnation points) in Figure 3 (a) as the red curve. Between 0 ≤ θ ≤ π/2, the sphere is subjected to a favourable pressure gradient ((∂p/∂s) * < 0), while between π/2 ≤ θ ≤ π an adverse pressure gradient ((∂p/∂s) * > 0) is present. Although separation is not explicitly predicted by this solution, it has been shown experimentally that during steady motion, the flow separates under the influence of the aft-body adverse pressure gradient. Also included in Figure 3 (a) are shaded regions indicating the approximate (experimentally determined) azimuthal points of separation for subcritical and supercritical cases, which are dependent on surface roughness. 5 Therefore, the potential solution of the pressure-gradient field provides direct insight into the approximate azimuthal location where separation occurs. The effect that acceleration has on the theoretical pressure distribution is subsequently investigated.
B. Unsteady analysis
A similar analysis can be performed for an accelerating sphere using the x-component of the unsteady Euler equation
by making the following substitution:
where t is the physical time over which the acceleration, a, occurs. Substituting Equation (9) into (8) yields
which can be simplified as follows:
Using the definitions s * = s/s = s/R, p * = p/p, and t * = t/t, we have
Factoring out U 2 ∞ , multiplying throughout by (4R/9U 2 ∞ ), and settingp = 9U 2 ∞ ρ/4 (as above) yields
where aR/U 2 ∞ is known as the acceleration modulus, denoted by a * . The characteristic time,t, is defined ast = U ∞ /a, and the pressure gradient may therefore be written as
Note that as a * → 0, so does t * (sincet → ∞), and Equation (14) reduces exactly to Equation (7), as expected, since this represents the steady solution. This collapse for a * = 0 is plotted in Figure 3 (b) along with six additional (larger) moduli. These curves illustrate the interesting implication of Equation (14), namely, that the region of the adverse pressure gradient can theoretically be reduced-and even eliminated-by accelerating the sphere sufficiently. Even for relatively low accelerations, the character of the pressure-gradient field is noticeably different than that for the steady case. For a * = 2, the favourable pressure gradient is extended to a period of approximately 0 ≤ θ ≤ 2π/3, with a region of the adverse pressure gradient developing closer to the rear stagnation point.
For a * = 6, the region of the adverse pressure gradient is eliminated altogether. Also included in Figure 3 (b) is the case when a * → ∞, which illustrates the character of the favourable pressure gradient in the limit of infinite acceleration. The acceleration moduli shown in bold in the legend represent values that can be achieved with the current experimental setup, which is subsequently discussed.
III. EXPERIMENTAL METHODS
Section III A and III B provides a description of the spherical geometry that was investigated, the techniques that were used in the measurements, and the facility where the measurements were performed.
A. Geometries
The sphere tested in this study has an outer diameter (D) of 25 cm, a wall thickness of 6 mm, and two perpendicular internal ribs for structural support. The model was 3D-printed out of acrylonitrile butadiene styrene (ABS) plastic, which has a density variation of 4% relative to water at room-temperature conditions. In addition, the model has a blockage of approximately 5% relative to the crosssectional area of the towing-tank, which is described in Sec. III B.
B. Force and particle image velocimetry (PIV) measurements
All experiments were performed in a towing-tank facility at Queen's University. The tank has a cross section of 1 m × 1 m and a total length of 15 m and is equipped with a roof that runs along the entire length of the apparatus to eliminate freesurface effects. The model was towed through the tank via a horizontal, cylindrical sting, which has a diameter of 0.1D and a nominal length of 2.4D. The model underwent two different motions, which were normalized using the following relationship:
where x is the physical distance traveled and D is the diameter of the model. The first motion consisted of an impulsive start from rest to the final towing velocity over a distance of half the characteristic length scale (0.5D). 17 The model was towed at the final velocity for 40D to maintain sufficient averaging periods for steady-state drag calculations. This motion was undertaken at Reynolds numbers based on the existing data for a circular flat plate 17 (discussed in Section IV) and is shown in Figure 4 by the red curve for the first 25D of the motion. Figure 4 shows normalized velocity plotted against the dimensionless distance. The first motion is termed "study 1" and was undertaken to investigate the development of the sphere wake from rest. The second motion involved a similar impulsive start from rest to a steady velocity (U 1 ), followed by an acceleration to a second steady velocity (U 2 ) over a distance of 0.5D, once the steady-state drag coefficient of the model had been reached at U 1 . Acceleration periods over distances larger than 0.5D were avoided to confine both the initial and final towing velocities to Reynolds numbers in either the subcritical or supercritical regime exclusively, thereby isolating the effects of acceleration and Reynolds number on the movement of the separation line. As such, four acceleration moduli were selected as follows: a * = 0.25, 0.5, 1, and 2. The second motion, termed "study 2," was undertaken to investigate the role of acceleration on the point of separation and evaluate how strongly correlated the quasi-steady position of the separation line is with the theoretical starting position of the adverse pressure gradient (as calculated by Equation (14)). The blue curves in Figure 4 represent the four accelerations investigated in this study. These red curve and four blue curves are referenced by the legend entries in Figure 4 in subsequent figures and analyses. All accelerations in this study take place over a dimensionless distance of x * = 0.5. A section of the towing tank (approximately 3 m in length) is depicted in Figure 5 (a), along with the mounting configuration for the model. A six-component, submersible ATI nano-force transducer was mounted on the leeward side of the sphere to record force data and is shown in the inset of Figure 5 (a). The transducer has a static resolution of 0.125N and was operated at a sampling rate of 1000 Hz. All data sets were averaged over 20 runs.
Time-resolved, planar particle image velocimetry (PIV) was used to measure vortex growth in the wake of the sphere. A right-hand coordinate system was adopted such that the x-, y-, and z-axes are oriented in the streamwise, wall-normal, and spanwise directions, respectively. The flow-field was captured using a Photron SA4 high-speed camera, which has a resolution of 1024 × 1024 pixels, and was operated at frame rates between 200 and 1100 Hz. A 40 mJ pulse 1 Photonics high-speed laser was used to create a laser sheet approximately 1.5 mm thick. The field of view (FoV) used for all measurements was approximately 1.5D × 1.5D in size and was situated at the horizontal midspan of the sphere (i.e., in the xy-plane) along the lower half of the sting, as shown in Figure 5(b) . The   FIG. 4 . Normalized velocity plotted against dimensionless distance for study 1 (red curve) and study 2 (blue curves). The red curve represents the impulsive motion from rest to the steady velocity (U 1 ) that was maintained for the remainder of the motion. The blue curves represent motions involving a second acceleration to different steady velocities (U 2 ), in order to determine the effect of acceleration on the azimuthal separation point in the wake of the sphere. towing motions were repeated and recorded 20 times for each FoV, and the results were phase-averaged.
IV. RESULTS AND DISCUSSION
In this section, the steady-state drag attributes of the sphere model are first presented (Section IV A). This is followed by the presentation of the findings from the first study in Sections IV B and IV C, where a comparison of the instantaneous drag forces between the sphere and existing circular flatplate data is provided and discussed, and PIV data quantifying the vorticity field during start-up are investigated. Finally, in Section IV D, PIV data from the second study are used to identify the approximate location of flow separation as a function of acceleration, which is correlated with the start of the adverse pressure gradient predicted by Equations (7) and (14) .
A. Steady-state drag
The drag-force measurements presented in Sec. IV B were undertaken over a Reynolds-number range of 50 000 ≤ Re ≤ 350 000-in increments of Re = 75 000-to maintain similarity with existing circular flat-plate data. Therefore, steady-state drag measurements were first acquired over the above range (in increments of Re = 10 000) to characterize the drag curve and identify the subcritical, transitional, and supercritical regions. The steady-state drag curve of the model is plotted in Figure 6 (a) as the blue curve, along with curves reported by Achenbach 18 for varying levels of surface roughness. The drag coefficient is plotted against the Reynolds number. In this figure, roughness is expressed in terms of the roughness parameter, k/D, where k is the height of the roughness elements, and D is the diameter of the sphere. Figure 6(b) shows the isolated curve of the current study broken up into the three characteristic regions. The red lines indicate the steady drag coefficients at the five Reynolds numbers investigated in this study; this parameter space therefore contains Reynolds numbers within both the subcritical and supercritical regimes.
B. Instantaneous drag-force comparison
Fernando and Rival 19 showed in their study of a circular flat plate that the forming vortex rings attached to the plate in the wake have a significant effect on the instantaneous drag forces of the plate via interaction with the planar, leeward surface. The instantaneous forces exerted on the sphere during accelerations from rest are subsequently investigated through direct comparisons with the circular flat plate.
The circular flat-plate data reported by Fernando and Rival 17 are shown in Figure 7 (a) as the drag coefficient plotted against dimensionless distance. A detailed analysis of these data can be found in their study, which is therefore only briefly summarized here for brevity. At all five Reynolds numbers, a stable vortex ring evolves in the wake of the plate, which begins to break down between x * = 6 and 8. The initial peak in the data is an added-mass effect, as fluid is accelerated with the body. The Reynolds-number-independent steady-state drag coefficient is reached by a dimensionless distance of x * = 22. Collapse of the steady-state drag coefficient is due to the fixed separation line along the perimeter of the circular plate, which regulates the size of the wake. These force curves illustrate the strong coupling of vortex-ring growth and breakdown with the instantaneous drag forces of the flat plate. The five drag-force histories for the sphere at equivalent Reynolds numbers are plotted in Figure 7 (b). After the initial added-mass peak in the drag history during acceleration, the instantaneous drag force for the supercritical cases reaches the steady state almost immediately. In contrast, for the subcritical cases it takes between four and five diameters from the start of the motion for the sphere to reach the steady-state drag values. The much shorter periods of transient force development in comparison to the circular flat plate suggest that vortex evolution takes place over much shorter time scales or that formation is suppressed entirely. Vortex evolution is investigated in Sec. IV C using PIV data at the lowest and highest Reynolds numbers (Re = 50 000 and 350 000). The force histories presented in this section have shown these two Reynolds numbers to be representative of the other three as well.
C. Vortex evolution from rest
PIV measurements were conducted over an x * range of approximately 0 ≤ x * ≤ 4. Vorticity contour plots corresponding to time steps of x * = 0.5, 1.5, and 3 (in the top, middle, and bottom rows, respectively) are shown in Figure 8 (Multimedia view). Contour plots are shown for Re = 50 000 in the left column and for Re = 350 000 in the right column. The distance traveled by the sphere is referenced from the geometric center of the sphere; the position of the origin has been indicated in the first time step. Time steps where the sphere is not completely within the field of view have been masked appropriately with grey boxes. Vorticity is normalized by the ratio of the sphere diameter and steady translational velocity. The first time step in both cases visualizes the generation and diffusion of vorticity in the boundary layers. The vorticity fields for the remaining time steps are first discussed for the subcritical case and then the supercritical case. Flow separates at the rear stagnation point and a recirculation region forms. A thin shear layer then develops near the body. The recirculation region grows in size, and when the separation point reaches an azimuthal position of approximately θ = 135 • , a vortex ring rolls up in the shear layer. Unlike the vortex ring that evolves in the wake of an impulsively started circular plate, the forming vortex ring has a short lifespan and immediately detaches from the feeding shear layer. The vortex ring is shown at a time step of x * = 1.5. The final time step shows the vorticity field once the vortex ring has detached and the wake has nearly reached the steady-state configuration, with separation occurring close to the geometric apex. For the supercritical case, comparison of the two final time steps indicates that the wake has already reached the steady-state configuration by x * = 1.5. In addition, vortex formation appears to be completely suppressed. A video containing a side-by-side comparison of the wake evolution during early stage growth between the two Reynolds numbers has been provided in Fig. 8 (Multimedia view) . In this video, the sphere is in a body-fixed frame of reference, and the flow is moving from right to left over the sphere. The trends in the drag-force histories can be explained by the flow-separation behaviour between the two cases. For the subcritical case, the steady separation point is a larger arc length away from the rear stagnation point, and therefore a larger period of time is required to reach the steady-state. In contrast, for the supercritical case, the faster approach to the steady drag coefficient is attributed to the smaller distance between the rear stagnation point and steady-state (supercritical) separation point. The affect that acceleration has on the separation point is discussed in Sec. IV D.
D. Flow-separation delay through acceleration
Equation (14) suggests that the character of the pressuregradient field around a sphere can be drastically manipulated by imposing an acceleration. In particular, the azimuthal position (relative to the steady position at the apex) where the adverse pressure gradient commences is delayed with increasing acceleration. To determine how strongly correlated the actual position of flow separation is with the start of the adverse pressure gradient, a series of acceleratory motions were undertaken, given by the blue curves in Figure 4 . As mentioned previously, the motions were confined to either subcritical or supercritical regimes exclusively, to decouple the effects of the acceleration and Reynolds number. The sphere was accelerated to the initial steady velocity and then accelerated to the final steady velocities based on a * values of 0.25, 0.5, 1, and 2. The initial steady velocity for the subcritical case corresponds to Re = 50 000, with final Reynolds numbers of Re = 61 000, 71 000, 87 000, or 111 000 depending on the acceleration value. For the supercritical case, the initial steady velocity corresponds to Re = 200 000, with final Reynolds numbers of Re = 245 000, 283 000, 346 000, or 430 000. PIV measurements were undertaken over a range of 0 ≤ x * ≤ 1.25, where x * represents a "reset" distance scale (i.e., x * = 0 is the start of the acceleration). Results from these measurements are presented in Figure 9 , which consists of velocity magnitude contour plots with streamlines superimposed. Figures in the left and right columns correspond to the FIG. 9 . Velocity magnitude plots with streamlines superimposed for the steady references cases (first row) and four acceleration cases (with increasing a * values in descending order) at Re = 50 000 (left column) and Re = 350 000 (right column). The orange diamonds indicate the point at which the dividing streamline diverges from the local curvature of the sphere body and is used as a metric for flow separation. For the subcritical Reynolds number, flow separation is progressively delayed with increasing acceleration. In contrast, for the supercritical Reynolds number, acceleration has no effect on the point of separation.
subcritical and supercritical cases, respectively. The first row contains data for the steady reference cases, and each subsequent row represents accelerations of a * = 0.25, 0.5, 1, and 2 in descending order. All accelerations occurred over a distance of x * = 0.5, and the results in Figure 9 are plotted at x * = 0.75 to ensure that the sphere has reached the new steady velocity. Streamlines are initialized upstream of the sphere to visualize the flow field around the sphere. The dividing streamline is used as a metric to indicate when and where separation has occurred. The azimuthal position where the dividing streamline diverges from the geometric curvature of the sphere is marked by orange diamonds in each of the subplots. For Re = 50 000 (left column), the point of separation moves progressively closer to the rear stagnation point with increasing acceleration. In contrast, for Re = 350 000 (right column), there is no observable difference in the separation behaviour between the five cases.
The azimuthal positions indicated by the orange diamonds in Figure 9 are plotted as a function of the acceleration modulus in Figure 10 . θ = π/2 is the geometric apex, and θ = π is the rearmost point on the sphere surface. The red and blue circles correspond to the subcritical and supercritical cases, respectively. The solutions for θ when (∂p/∂s) * transitions from a favourable to an adverse pressure gradient are also included in Figure 10 as the black curve. For the subcritical case, the overall dependence of flow separation on the magnitude of the acceleration follows a similar trend with θ APG predicted by Equation (14); the separation data for the subcritical case increase monotonically and have a similar slope as the theoretical curve. For the supercritical case, acceleration has no effect on flow separation, and θ sep. has an approximately constant value, as was qualitatively observed in Figure 9 .
This interesting behaviour is attributed here to the magnitude of the tangential acceleration around the body. As shown in Equation (10), the tangential acceleration, ∂u/∂t, is directly proportional to sin(θ). Between 0 ≤ θ ≤ 2π, the magnitude of sin(θ) is maximized at θ = π/2 and 3π/2 (i.e., at the upper FIG. 10 . The theoretical starting point of the adverse pressure gradient plotted as a function of acceleration modulus (black curve). These values are extracted from Equation (14) by setting (∂p/∂s) * to zero over a range 0 ≤ a * ≤ 6. Experimental data for the subcritical and supercritical cases are given by the red and blue circles, respectively. For the subcritical case, the delay in the azimuthal point of flow separation with increasing acceleration follows a similar trend with the movement of the adverse pressure gradient. No such delay is observed for the supercritical case, and the point of flow separation remains the same as the steady reference case at a * = 0. and lower apexes). Therefore, the tangential acceleration will have the largest influence on the surrounding flow field near the apexes. As a result, flow separation that initially occurs closer to the apex is delayed, based on the magnitude of the imposed acceleration, whereas separation that initially occurs further downstream is unaffected by the weaker tangential acceleration in that region. It can therefore be said that the effect of acceleration on flow separation is Reynolds-number dependent. In other words, for spheres, fully developed turbulent boundary layers can be linked with insensitivity of the point of separation to acceleration. The transport of highermomentum fluid towards the wall results in flow separation aft of the apex, where the tangential acceleration is weaker. Therefore, the influence of imposed accelerations is strongly coupled with the development of turbulence in the boundary layer.
V. CONCLUSIONS
The separation mechanics of a sphere undergoing accelerations have been investigated experimentally. The purpose of this study was twofold: to gain an understanding of the instantaneous drag forces and vortex dynamics during accelerations from rest and to determine the effect of acceleration on flow separation, once the wake has been fully developed. Previous studies have elucidated the Reynolds-number dependent steady separation behaviour of spheres; the results presented in this study suggest a similar Reynolds-number dependence during unsteady motions. The findings of this study can be summarized as follows:
1. When the sphere is accelerated from rest, the flow separates at the rear stagnation point and gradually moves toward the steady position. This movement creates a temporally increasing shear-layer perimeter, which has previously been shown to augment the formation process of vortex rings produced by piston cylinders (i.e., vortex rings not attached to a body). In contrast, movement of the separation point towards the steady separation point produces short-lived vortex rings for the subcritical Reynolds numbers and completely suppresses vortexring formation for supercritical Reynolds numbers, due to much stronger vortex-body interactions. The time scales of vortex evolution are so small that in all cases the steady-state drag coefficient is established within five diameters of travel. These results are compared to the existing circular flat-plate data, which exhibit Reynoldsnumber-independent vortex formation and much larger vortex-growth time scales. Therefore, the state of the feeding shear layer (fixed or of variable size) has a dramatic influence on vortex-ring growth time scales and therefore the instantaneous drag forces exerted on bluff bodies. 2. For accelerations from non-zero velocities, inviscid theory has been used to evaluate the modified pressure gradient field surrounding a sphere during varying accelerations. In particular, it has been shown that the region of the adverse pressure gradient can be reduced, relative to the steady solution, by accelerating the body sufficiently.
For the subcritical cases, accelerating the sphere acts to delay flow separation, and the azimuthal point of separation exhibits strong correlation with the movement of the adverse pressure gradient predicted by inviscid theory. In contrast, for the supercritical cases, the separation point shows no variance with acceleration, and the flow separates at the steady position regardless of the acceleration. This behaviour is explained by the local magnitude of the tangential acceleration around the body. The tangential acceleration has a maximum value at the apexes of the sphere. Therefore, flow separation is delayed by imposing an acceleration for Reynolds numbers characterized by steady separation near the apex only (i.e., Reynolds numbers in the subcritical regime). Separation that initially occurs further downstream is unaffected by accelerations, since the tangential acceleration is weaker in this region.
